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Physicochemical  interactions  between  the  cell  and  its  environment  are crucial  for morphogenesis,  tissue
homeostasis,  remodeling  and  pathogenesis.  Cells  form  specialized  structures  like focal  adhesions  and
podosomes  that  are  responsible  for bi-directional  information  exchange  between  the  cell and  its sur-
roundings.  Besides  their  role  in the  transmission  of  regulatory  signals,  these  structures  are  also  involved  in
mechanosensing  and  mechanotransduction.  In  the  past few  years,  many  research  groups  have  been  tryingechanosensing
ocal adhesions
odosomes
ntegrins
130Cas
to elucidate  the  mechanisms  and  consequences  of  the  mechanosensitivity  of  cells.  In this  review  we  dis-
cuss  the  role  of  the integrin  pathway  in  cellular  mechanosensing,  focusing  on  primary  mechanosensors,
molecules  that  respond  to mechanical  stress  by changing  their  conformation.  We  propose  mechanisms
by  which  p130Cas  is involved  in  this  process,  and  emphasize  the  importance  of  mechanosensing  in  cell
physiology  and  the  development  of  diseases.
©  2014  The  Authors.  Published  by  Elsevier  GmbH.  This  is an  open  access  article  under  the CCechanotransduction
Cellular mechanosensing can be described as the ability of cells
o sense physical forces transmitted by the surrounding extracel-
ular matrix or neighboring cells. Cells test the properties of their
nvironment using various groups of mechanosensory proteins and
ellular structures. Mechanosensors use force-induced modiﬁca-
ions and conformational changes, and convert physical stimuli
o biochemical signaling that convey information about the cell’s
nvironment to the cell interior. To cope with the surrounding envi-
onment, cells not only adapt to extracellular physical conditions
y controlling cell survival, proliferation and cytoskeletal struc-
ure, but they also actively change the surrounding environment.
espite the importance of mechanosensing in both physiological
nd pathological processes, we are still at the beginning of under-
tanding the sensing machinery of the cell and its importance in
verall physiology.
ntegrin signaling in mechanosensory adhesive structures:
ocal adhesions and podosomes
The extracellular environment provides a multitude of signals
hat are crucial for regulation of cell behavior. Most adherent cell
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ttp://dx.doi.org/10.1016/j.ejcb.2014.07.002
171-9335/© 2014 The Authors. Published by Elsevier GmbH. This is an open acces
y-nc-nd/3.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).
types in an animal organism need to be in contact with this extra-
cellular environment in order to survive and proliferate. Loss of
this adhesive contact results in a special type of apoptosis, a pro-
cess called anoikis (Frisch and Francis, 1994). Cells form specialized
structures such as cadherin based cell–cell junctions, integrin based
focal adhesions and podosomes to establish their physicochemical
interaction with the extracellular matrix. In this review we  focus on
the cellular mechanotransduction of the cell–extracellular matrix
(ECM) interface mediated by integrins, and emphasize the role of
selected mechanosensors involved in integrin signaling.
Focal adhesions are macromolecular mechanosensory
complexes
Focal adhesions are complex multiprotein structures that form
upon integrin engagement with the ECM, and link the extracellu-
lar matrix to the intracellular cytoskeleton. Focal adhesions are not
just passive anchors for cells, but are also important signaling hubs
that transmit chemical (extracellular protein ligands) and physical
(rigidity, composition) cues about the extracellular environment
(Burridge et al., 1988). Focal adhesions contain both structural as
well as signaling components that make them well suited to con-
vey both chemical and physical signals. Detailed data mining and
bioinformatic analysis has revealed that focal adhesions are com-
posed of 180 different kind of molecules, connected to each other
within a network containing at least 742 interactions (Zaidel-Bar
and Geiger, 2010). Most of our knowledge about focal adhesions
comes from experiments performed on ﬂat 2D substrates. Although
there is still some debate whether focal adhesions exist in the 3D
s article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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nvironment, evidence suggests that focal adhesions also function
n 3D (Cukierman et al., 2001; Tolde et al., 2012).
Cell surface receptors of the integrin family are the funda-
ental components of focal adhesion. Integrin molecules form
eteromeric transmembrane receptors generated by the selective
oupling of the 18 - and 8 -subunits (mammalian genome).
he -subunits are usually responsible for binding extracellu-
ar proteins, whereas  subunits recruit intracellular regulatory
roteins (Vicente-Manzanares et al., 2009). These subunits can
e assembled in 24 different speciﬁc receptors. Each subunit
ontains a large extracellular head domain, a general transmem-
rane domain, and usually a short cytoplasmic tail (Berrier and
amada, 2007; Humphries et al., 2006). Different subtypes of
ntegrin receptors bind different proteins of the extracellular
atrix. Most of them bind RGD (arginine–glycine–aspartate) or
DV (leucine–aspartate–valine) motifs on ﬁbronectin or vitronectin
ubstrates. Other subtypes bind collagen, laminin and other various
ypes of extracellular matrix components (Humphries et al., 2006).
oreover, there are other co-receptors of the extracellular matrix
t focal adhesions, such as syndecans or lyalin, which cooperate
ith integrins in adhesion-dependent signaling (Bono et al., 2001;
oods et al., 2000). In addition, individual integrin receptors con-
ribute to focal adhesion-mediated signaling and rigidity sensing in
arious ways. It has been shown that integrin receptors containing a
1 subunit such as 51 are predominantly recruited to the leading
dge of cells moving on a 2D surface (Galbraith et al., 2007), whereas
3 integrins are responsible for the increase in number of focal
dhesions and cell spreading area (Costa et al., 2013; Schiller and
assler, 2013). Both integrin classes are thought to be important for
xtracellular matrix rigidity sensing and traction force generation,
lthough the mechanisms differ (Schiller et al., 2013). While 1-
lass integrins (51) regulate activation of the Rho–ROCK–myosin
I pathway to induce actomyosin generated forces, v-class inte-
rins (v3, v5) are important for adaptation to external forces
nd regulate the reinforcement of stress ﬁbers and the enlargement
f focal adhesions by activating the GEF-H1–Rho–mDia pathway
Schiller et al., 2013).
It is well-known that integrin receptors serve as bidirectional
ignaling entities. In the classical “outside-in” signaling mode
ntegrins transmit signals from the extracellular environment to
ediate cell survival, proliferation and motility. Integrins, how-
ver, are also capable of communicating the inner status of the
ell to the outside in so called “inside-out” signaling. This “inside-
ut” integrin signaling involves intracellular processes leading
o activation and clustering of the integrin receptors. Integrin
olecules are often delivered to the cell surface in a low-afﬁnity
igand binding conformation and need to be activated (Zhu et al.,
008). The interaction of integrin’s cytoplasmic tails with the adap-
or protein talin is the main mechanism leading to full integrin
ctivation. Talin binds to NpxY motifs on integrin tails through
ts FERM (Four point one protein/Ezrin/Radixin/Moesin) domain
nd induces their activation (Calderwood et al., 2002; Kim et al.,
012a; Wang, 2012). Another co-operating adaptor protein is
indlin, which contributes to the fully active state of integrins
Margadant et al., 2013; Regent et al., 2011). Integrin activation
s also potentiated by different phosphatidyl-inositol-phosphates.
peciﬁcally, phosphatidyl-inositol-4,5-bisphosphate (PIP2) binds
alin’s tail domain and opens it up. This leads to the binding of
alin to integrins and their activation (Legate et al., 2011; Martel
t al., 2001). Phosphatidyl-inositol 4 phosphate 5 kinases (PI4P5K)
lay a crucial role in the generation of a localized PIP2 pool, and
an be phosphorylated, and thus activated, by the focal adhesion
inase (FAK) (Ling et al., 2002). An additional mechanism of integrin
ctivation involves the recruitment of migﬁlin to focal adhesions.
igﬁlin binds to ﬁlamin and releases the inhibitory interaction
etween  integrin and ﬁlamin, thus enabling integrin activation Cell Biology 93 (2014) 445–454
(Das et al., 2011). Downstream of integrins, the activation of tyro-
sine kinases and protein tyrosine phosphorylations play crucial
roles in the assembly and turnover of focal adhesions, and they are
also involved in mechanotransduction. FAK and members of the Src
family are the key tyrosine kinases that localize to focal adhesions,
and control focal adhesion functions and lifetime (Zaidel-Bar et al.,
2003). FAK is recruited to adhesions after integrin engagement
and provides both scaffolding and kinase activities. FAK autophos-
phorylates itself on tyrosine 397 in the N-terminal domain. This
phosphorylation creates a docking site for the SH2 domain of Src
kinase. Src subsequently phosphorylates FAK on multiple tyrosine
residues such as Tyr576/577, which leads to full FAK activation
(Hanks et al., 2003). The FAK–Src complex then recruits the p130Cas
protein or paxillin, among several other adaptor proteins, and
phosphorylates multiple tyrosines within their polypeptide chains.
These phosphotyrosines create docking sites for the SH2 domains
of Crk, and this interaction triggers signaling to downstream effec-
tors, for example to Rac1 GTPase, which in turn stimulates actin
polymerization and the formation of new focal complexes at the
leading edge of the cell (Nojima et al., 1995; Panetti, 2002).
Connections between ECM and actin cytoskeleton are
essential for mechanosensing
Focal adhesions are multiprotein assemblies of structural, adap-
tor and signaling proteins that serve as a link between integrin
receptors and the actin microﬁlaments inside the cell. Connec-
tions to the actin cytoskeleton and actin-mediated tension are
important for maintaining the integrity of focal adhesions. Using
inhibitors of actomyosin contractility, it has been shown that a
loss of tension results in the rapid disassembly of focal adhesions
(Carisey et al., 2013; Pasapera et al., 2010). Tension applied to
focal adhesions can be exerted either internally by Rho-induced
actomyosin contractility or by the application of external forces
onto cell surface receptors (ChrzanowskaWodnicka and Burridge,
1996; Galbraith et al., 2002). Mechanical tension activates gua-
nine nucleotide exchange factors (GEFs) for Rho such as Vav2,
GEF-H1 or LARG, which subsequently induce GTP loading of Rho.
This leads to activation of the downstream Rho effectors ROCK
and mDia. ROCK-mediated activation of the myosin light chain
(MLC) as well as the inhibition of myosin light chain phosphatase
(MLCP), abruptly increasing myosin-II activity and actomyosin
contractility. ROCK also phosphorylates LIMK, leading to coﬁlin
inactivation followed by the stabilization of actin stress ﬁbers. The
other tension-activated effector of Rho is mDia, a formin fam-
ily member that serves as an actin nucleating factor facilitating
actin polymerization (Lessey et al., 2012). The increase of intra-
cellular tension leads to the force-dependent unfolding of some
proteins, resulting in either the exposure of cryptic binding sites
or an increase in their enzymatic activity. Such tension-induced
changes in protein conformation or activity underlie the mecha-
nisms for the conversion of mechanical and physical stimuli into
biochemical signaling (Vogel and Sheetz, 2006).
The intimate relationship between focal adhesions and the actin
cytoskeleton is well documented. Recently, the role of actin ﬁbers in
mechanosensing has been recognized, and a mechanism for a direct
force-sensing function of actin ﬁbers has been proposed. Exper-
iments with in vitro reconstituted components have shown that
tension produced by a single myosin head on an actin ﬁlament is
sufﬁcient to prevent its coﬁlin-mediated severing (Hayakawa et al.,
2011). This suggested that tension can be sensed by the actin ﬁbers
by modulating their susceptibility to the actin-severing activity of
coﬁlin. Moreover, there is evidence that actin ﬁbers can commu-
nicate the mechanical properties of the cellular environment over
long distances to the nucleus, possibly affecting gene expression
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Kim et al., 2012b; Martins et al., 2012). This is mediated by spe-
ialized actin ﬁbers forming the perinuclear actin cap, which is
omposed of actomyosin ﬁlament bundles covering the top of the
ucleus, as opposed to conventional basal stress ﬁbers lying at the
asal surface of the cell (Gay et al., 2011; Khatau et al., 2009).
he actin cap stress ﬁbers are connected to the nuclear envelope
hrough linkers of nucleoskeleton and cytoskeleton (LINC) com-
lexes at one end, and terminate in speciﬁc focal adhesions subsets
t the other end. This arrangement of actin ﬁbers has been pro-
osed to serve for the rapid transduction of information about the
echanical properties of the cellular environment into the nucleus
Kim et al., 2012b; Martins et al., 2012).
odosomes are also part of the cellular mechanosensory
achinery
Besides focal adhesions, various specialized cell types includ-
ng tumor cells form additional structures involved in cell–ECM
dhesion, called invadosomes or podosome-type adhesions. Inva-
osomes are actin-rich structures containing integrins and other
ocal adhesion components, but unlike focal adhesions they have
 pronounced 3D cylindrical shape and individual podosomes can
use to form rosette-like structures (Alexander et al., 2008; Linder,
009; Tolde et al., 2010). The physical properties of the ECM such
s rigidity, surface topography, or inter-ﬁber crosslinking play cru-
ial roles in podosome formation (Friedl and Wolf, 2010; Parekh
nd Weaver, 2009). In general, stiffer matrix proteins lead to more
table podosomes (Collin et al., 2006; Linder et al., 2011). Further-
ore, the tractions exerted by podosomes on the matrix increase
ith rising substrate stiffness (Collin et al., 2008). Similar observa-
ions have been made in vascular endothelial cells and osteoclasts,
uggesting that podosomes are able to sense and respond to the
hysical properties of the surrounding environment, similarly to
ocal adhesions (Geblinger et al., 2010; Juin et al., 2013, for review
ee Schachtner et al., 2013).
One possible candidate for sensing force and regulating
odosomal superstructures is myosin-II. Interestingly, Collin and
o-workers in their study show that podosomes as mechanosen-
ors are able to transmit mechanical signal both inside-out and
utside-in (Collin et al., 2008). According to that study, “it is
ikely that myosin-II motor proteins in the podosomes are the
rimary component of the sensing apparatus”. Their ﬁndings fur-
her suggest that local interactions between myosin II and actin
re crucial for tension-dependent podosome formation in cells.
nterestingly, the authors also found that MLC kinase inhibition
y ML7  [1-(5-iodonaphthalene-1-sulphonyl)-1H-hexahydro-1,4-
iazepine hydrochloride] can cause a disappearance of podosome
ings and an inhibition of podosome tractions. This suggests that
he tractions exerted by podosomes may  be controlled by distinct
yosin IIs rather than the larger and more stable focal adhesions.
oreover, myosin-II localizes to actin cables connecting single
odosomes to each other, and seems to be a key regulator of con-
ractile tension in the radial actin network (Bhuwania et al., 2012;
abernadie et al., 2010).
To conclude, podosomes are not only capable of sensing the
roperties of the ECM but also of remodeling or degrading it.
ome evidence indicates that these functions are interconnected.
or instance, it has been shown that extracellular matrix rigidity
an promote both invadopodia formation and degradation activity
Alexander et al., 2008).echanosensors and mechanotransducers
Cells use their mechanosensing system to percept, adapt to and
odify the physical properties of their tissue microenvironment. Cell Biology 93 (2014) 445–454 447
This system consists of different mechanosensing machineries that
allow cell–matrix interactions like focal adhesions and podosomes
as well as intercellular interactions via cell–cell junctions. The
response of different mechanotransductory pathway proteins to
physical stress can vary. First, some proteins respond to mechan-
ical forces either with a conformational change or a change in the
binding afﬁnities for associated proteins. This mechanism does not
involve the direct induction of biochemical signaling, so these pro-
teins serve as a mechanical link for the transmission of extracellular
forces into the cell and vice versa (del Rio et al., 2009; Kong et al.,
2013). Alternatively, other proteins change their enzymatic activ-
ity (e.g. Src kinase) or provide a scaffold for phosphorylation events
(e.g. p130Cas) in response to stretching (Sawada et al., 2006; Wang
et al., 2005). These proteins usually trigger the mechanochemical
signaling pathways that regulate migration and/or proliferation.
Based on their response to mechanical stress, the elements
of these mechanosensing systems can be considered either pri-
mary mechanosensors, which undergo external force-dependent
conformational changes upon mechanical stress, or secondary
mechanosensors, which in response to the force-dependent
activation of primary mechanosensors are involved in mechan-
otransduction. In this chapter we  will focus on the primary
mechanosensors, molecules such as integrins, talin, -actinin, and
ﬁlamin.
Integrins
Integrins play a crucial role in mechanosensing. They can func-
tion as direct mechanotransducers or as indirect transducers of
force to other elements of the mechanosensing machinery. One way
by which integrins mediate the response to force is by changing
their aggregation state at the plasma membrane. Changes in exter-
nal forces applied to cells or the ECM ligand complex leads to the
clustering of integrins into aggregates (e.g. in focal adhesions) that
are sites of the transfer of mechanical forces to the cytoskeleton.
Moreover, integrins can function as primary mechanosensors and
respond to external forces by changing their conformation (Fig. 1).
Katsumi and co-workers have shown that mechanical strain sti-
mulates the conformational activation of integrin v3 in NIH3T3
cells. Integrin activation was  mediated by phosphoinositol 3-kinase
(PI3K) and was  followed by an increase in integrin binding to
ECM proteins (Katsumi et al., 2005). A more detailed mechanis-
tic explanation of the force-induced activation of integrins was
recently suggested by Chen and co-workers. AFM studies on live
cells showed that the integrin–ligand binding is initially weak, and
that pulling forces can increase the integrin–ligand association by
inducing a high-afﬁnity conformational change (Chen et al., 2012).
Stretching cells or applying external force to integrins thus triggers
the conversion of the unoccupied low-afﬁnity state of integrins to
the high-afﬁnity state, followed by their de novo binding to extra-
cellular matrix proteins.
Interestingly, in osteocytes, the sheer stress-mediated activa-
tion of integrins 51 leads to their interaction with connexin
43 hemichannels, resulting in the hemichannels opening. Interest-
ingly, this process does not require the binding of integrins to the
ECM; suggesting that integrins’ role in mechanotransduction in this
case differs from their role as a direct mechanotransducers (Batra
et al., 2012; Ross et al., 2013).
TalinExtracellular tension transmitted via integrins promotes the
binding of intracellular elements that can also activate them and
strengthen the integrin connection to actin. One of these interac-
tion partners is talin, which directly associates with both integrins
448 R. Janosˇtiak et al. / European Journal of Cell Biology 93 (2014) 445–454
Fig. 1. Force-induced reinforcement of integrin–actin cytoskeleton linkages. Mechanical stretching triggers conformational changes in several molecules of the integrin
pathway. In the absence of force, talin binding induces the separation of integrin tails and the movement of integrin  subunits outwards. Application of either external or
internal  forces results in the further separation of integrin tails and the movement of integrin  subunits outwards. Integrins then trigger the force-dependent opening of talin,
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teparating the head and tail domains and exposing vinculin binding sites. The bind
onnection. Furthermore, mechanical stretching induces the extension of -actinin
hen  re-locates to stress ﬁbers and helps maintain the integrity of the actin cytoske
nd the actin cytoskeleton (Fig. 1). Talin, and its binding partner
inculin, plays a crucial role in the force-dependent stabilization
f focal adhesions by changing their conformation upon expo-
ure to tension. Increased actomyosin contractility induces the
orce-dependent separation of talin’s head and tail domains and
xposes vinculin binding sites (Fig. 1) (del Rio et al., 2009). Talin
inds to the cytoplasmic tail of integrins through its FERM (Four
oint one protein/Ezrin/Radixin/Moesin) domain, inducing integ-
in activation. Talin also binds to F-actin via its C-terminal rod
omain (Calderwood et al., 2002; Kim et al., 2012a; Wang, 2012).
he mechanosensory properties of talin are conﬁned to the helix
undles present in its rod domain, containing 5 potential vinculin
inding sites. Upon the application of force, the stretching of this
egion increases its length by 140 nm and exposes these vinculin
inding sites (del Rio et al., 2009). Moreover, imaging of talin
onstructs N- and C-terminally tagged with EGFP and mCherry,
espectively, has revealed that talin in focal adhesions undergoes
yclic stretching in a myosin-dependent manner (Margadant et al.,
011).
inculin
Vinculin is not a bona-ﬁde primary mechanosensor; however,
ecause of its critical importance for the proper function of other
rimary mechanosensors we include a description here. Vinculin,
ike primary mechanosensors, is activated in response to an exter-
al force and its activation is associated with conformational
hanges. These conformational changes, however, are induced by
ts interacting partners, though in a force-dependent manner, and
ot directly by the force itself. In resting cells vinculin is in an
utoinhibited state due to the interaction between its head and
ail domains (Ziegler et al., 2006). Binding of the tail domain vinculin to talin leads to vinculin opening and reinforcement of the integrin–actin
trin repeats located in the rod region, leading to the release of bound zyxin, which
to -actinin alone or together with actin and PIP2 releases the
inhibitory interaction and vinculin becomes activated (Carisey and
Ballestrem, 2011; Zaidel-Bar et al., 2003). The increase of cellular
tension stabilizes vinculin in an opened conformation and leads
to its recruitment to focal adhesions (Pasapera et al., 2010). Vin-
culin can thus regulate the composition of focal adhesions in a
force-dependent manner (Carisey et al., 2013; Chen et al., 2005).
The recruitment of vinculin to focal adhesion sites depends
on ECM stiffness and cytoskeletal tension (Pasapera et al., 2010;
Mohl et al., 2009). Vinculin levels within focal adhesions correlate
with traction forces (Balaban et al., 2001). Laser trapping studies
of ﬁbronectin-coated beads have shown that the recruitment of
vinculin to focal adhesions is required for the development of ten-
sion between the bead and the cell. In addition, this is associated
with the reinforcement of focal adhesions (Galbraith et al., 2002; for
review see Goldmann, 2012). Taken together, vinculin-dependent
mechanotransduction is required for both the formation and sta-
bility of focal adhesions.
-Actinin
-Actinin is an actin cross-linking protein belonging to the spec-
trin superfamily. It consists of an N-terminal actin binding domain
(ABD), a central rod domain and a C-terminal calmodulin homology
domain (Sjoblom et al., 2008). -Actinin forms an antiparallel dimer
which connects bundles of F-actin ﬁbers (Sjoblom et al., 2008) and is
particularly important for focal adhesion formation and cytoskele-
tal stability throughout the cell (Bubeck et al., 1997). It is linked to
growing focal adhesions via its interaction with vinculin. It also acts
as a cross-linker of actin ﬁlaments, a process that is putatively mod-
ulated by vinculin. The interaction between -actinin and vinculin
is crucial to both -actinin functionality at focal adhesions and its
R. Janosˇtiak et al. / European Journal of Cell Biology 93 (2014) 445–454 449
Fig. 2. Tension mediated activation of ﬁlamins. Filamin dimers bind to actin ﬁlaments through the N-terminal actin-binding domain. The ﬁrst 15 immunoglobulin-like (IgFLN)
domains are linearly arranged and form the “rod 1” domain of ﬁlamin. The “rod 2” domain composed of Ig domains number 16–24 is responsible for mechanosensing. The Ig
domains 18–21 (yellow) are arranged in pairs, where the A-strand of the even-numbered domains is not integrated into the domain structure but binds to the subsequent
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ﬁdd-numbered domain, thus inhibiting the interaction of this domain with its integ
nd  odd numbered domains is disrupted, thus leading to exposure of the integrin b
ntegrin clustering and greatly reinforces the linkage between the actin cytoskeleto
ctin cross-linking activity (Shams et al., 2012). -Actinin can act
s a primary mechanosensor, as the -actinin molecule extends up
o 5.5 nm in response to stretch. However, -actinin itself is not
ikely to be a tension sensor but is more likely to act as a scaffold
or tension-sensing signaling proteins. -Actinin stretching could
esult in the dissociation of proteins that are bound to -actinin
eakly but through multiple sites (Hampton et al., 2007). One such
rotein could be zyxin, which was shown to bind a central region
f -actinin dimers (Li and Trueb, 2001) and to relocate from focal
dhesions to stress ﬁbers after the application of force (Yoshigi et al.,
005).
ilamins
Other proteins that bridge integrins to actin are ﬁlamins (Zhou
t al., 2010). Filamins are large actin-binding proteins that function
o stabilize the actin cytoskeleton and link it to plasma mem-
ranes. The vertebrate ﬁlamin family consists of ﬁlamin A, ﬁlamin
 and ﬁlamin C (Stossel et al., 2001; van der Flier and Sonnenberg,
001). Vertebrate ﬁlamins form homodimers of 240–280 kDa sub-
nits that associate at their C-termini. Each ﬁlamin subunit is
omposed of an N-terminal actin-binding domain (ABD) followed
y 24 immunoglobulin-like domains (IgFLN1–24) (van der Flier
nd Sonnenberg, 2001). The ﬁlamin ABD is composed of two
alponin homology domains. In addition to the ABD, which is crucial
nd sufﬁcient for F-actin binding, IgFLNa9–15 exhibits an F-actin-
inding capacity that is necessary for high-avidity F-actin binding,
s reviewed in detail by Razinia et al. (2012).
Upon external mechanical stress the IgFLN domains undergo
xtensive conformational changes (Fig. 2) (Razinia et al., 2012).
tomic force microscopy studies have revealed that single
olecules of ﬁlamin A suffer reversible unfolding and extension
n response to an external force (Furuike et al., 2001). This unfol-
ing allows ﬁlamin to stretch and thus protect the linkage between
-actin and the plasma membrane (Yamazaki et al., 2002). Under
orce, ﬁlamin A and F-actin ﬁlaments accumulate at the cell cor-
ex, and mechanically reinforce and stabilize the plasma membrane
Glogauer et al., 1998). Furthermore, force applied through clus-
ered 1 integrins results in the transcriptional upregulation of
lamin A (D’Addario et al., 2002). Moreover, ﬁlamin A has also beennd. Upon increasing cytoskeletal tension or external forces, the interaction of even
g site on the ﬁlamin molecule. The force-induced ﬁlamin–integrin binding triggers
 integrins.
shown to stabilize the plasma membrane through interaction with
the platelet transmembrane receptor GPIb (Cranmer et al., 2011).
To conclude, ﬁlamins are mechanoprotective molecules that sta-
bilize the plasma membrane upon mechanical stress (Kainulainen
et al., 2002; Razinia et al., 2012).
p130Cas
The p130Cas (CAS – Crk associated substrate) protein is a
130 kDa scaffolding protein that was originally identiﬁed as a major
tyrosine-phosphorylated protein in v-crk (Matsuda et al., 1990) and
v-src (Reynolds et al., 1989) transformed cells. CAS is an adaptor
protein, and together with the other three structurally similar pro-
teins Efs/Sin, HEF1/NEDD9 and CASS4 constitutes the CAS protein
family (Tikhmyanova et al., 2010). CAS contains an N-terminal SH3
domain which binds the polyproline motifs of the tyrosine kinases
FAK or PYK2 (Li and Earp, 1997; Polte and Hanks, 1995), the tyro-
sine phosphatases PTP1B or PTP-PEST (Garton et al., 1997; Liu et al.,
1996) and other proteins such as C3G, vinculin or CIZ (Janostiak
et al., 2014; Kirsch et al., 1998; Nakamoto et al., 2000). The SH3
domain is followed by a large substrate domain with 15 repeti-
tions of the YxxP motif, a main site of tyrosine phosphorylation on
the CAS molecule (Mayer et al., 1995). Once phosphorylated, this
domain serves as a docking site for the SH2 domains of Crk or Nck
adaptor proteins (Sakai et al., 1994; Schlaepfer et al., 1997). The
substrate domain is followed by a short serine-rich region which
binds 14-3-3 proteins after phosphorylation (Garcia-Guzman et al.,
1999). Within the C-terminal part of CAS there is a Src-binding
domain which is able to bind the SH3 domain and upon tyro-
sine phosphorylation also the SH2 domain of Src family kinases
(Sakai et al., 1994). Finally, the conserved CCH (C-terminal CAS-
family homology) domain is located on the very C-terminus of
CAS (Donato et al., 2010). In addition to Src-family kinases, the
C-terminal part of CAS can bind other various signaling proteins
such as PI3K, Ajuba, BCAR3 or BMX/Tec family kinases (Abassi
et al., 2003; Li et al., 2000; Pratt et al., 2005; Riggins et al.,
2003). In non-adherent cells, CAS is localized in the cytoplasm,
and after activation of integrin receptors moves to focal adhe-
sions and the tyrosine phosphorylation of substrate domain occurs
(Fonseca et al., 2004). Phosphorylation of the CAS substrate domain
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Fig. 3. The structural basis of CAS-dependent mechanotransduction. The CAS protein is anchored to focal adhesion on two  distinct sites – the SH3 domain and the CCH domain
–  through vinculin and a so-far unidentiﬁed protein, respectively. Alternatively, CAS dimerizes through the CCH domain. In this way  the SH3 domains of CAS homodimer
can  associate with vinculin and/or FAK and anchor the homodimer in focal adhesions. In both cases, in the absence of mechanical tension, the CAS substrate domain is
in  a compact disorganized form where tyrosines are hidden and inaccessible to phosphorylation. After the application of force, the CAS substrate domain is extended and
cryptic  tyrosines are exposed. Subsequently, Src-family kinases phosphorylate those tyrosine residues and trigger the transduction of mechanical stimuli. Src, however, is
also  implicated in the negative regulatory circuit of CAS-mediated mechanochemical signaling. Src also phosphorylates tyrosine 12 within the CAS SH3 domain, though with
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fuch  slower dynamics than phosphorylation of the substrate domain. Tyrosine 12 
he  tension on the substrate domain. CAS-mediated mechanotransduction is then a
he  phosphorylated tyrosines in the substrate domain inaccessible for downstream
pon integrin engagement regulates the reorganization of the actin
ytoskeleton and associated processes such as cell spreading and
igration (Honda et al., 1999). Moreover, this tyrosine phosphory-
ation triggers signaling pathways leading to the regulation of cell
urvival and proliferation (Almeida et al., 2000; Oktay et al., 1999).
The CAS protein was ﬁrst recognized as a potential force sen-
or by Sawada and co-workers, who showed that the CAS substrate
omain is phosphorylated in response to mechanical stretch both
n intact cells and in vitro (Sawada et al., 2006). The structure and
hosphorylation of the substrate domain is crucial for mechan-
transduction signaling. In non-stretched conditions the substrate
omain forms a compact folded structure that blocks the acces-
ibility of tyrosine residues to phosphorylation (Lu et al., 2013).
fter mechanical stretching, the CAS substrate domain unfolds and
xposes cryptic tyrosines that are subsequently phosphorylated
y Src-family kinases (Sawada et al., 2006). The stretch-induced
hosphorylation of the substrate domain induces the binding of
ignaling molecules such as the Crk/C3G complex and subse-
uently leads to the activation of Rap1 GTPase, ERK and other
ignaling pathways (Sawada et al., 2006; Tamada et al., 2004).
o function as a mechanosensor, the phosphorylation of CAS
ubstrate domain is temporally regulated. The tyrosine phos-
horylation of the CAS substrate domain culminates 15 min  after
nset of mechanical stimulation and then gradually decreases.
ntriguingly, the phosphorylation of tyrosine 12, which antagonizes
he mechanical activation of CAS by disrupting its SH3 domain
inding capacity, is delayed in time in comparison to substrate
omain phosphorylation (Janostiak et al., 2011, 2014). Thus, the
imultaneous phosphorylation and dephosphorylation of distinct
omains can switch the CAS from a mechanosensory competent to
 mechanosensory incapable state (Fig. 3).
The intriguing question remains: how is CAS anchored to
ocal adhesions. Experiments in CAS−/− cells reconstituted withhorylation initiates uncoupling of the SH3 domain binding to vinculin and releases
ated, either by the gradual loss of substrate-domain phosphorylation or by making
ling proteins.
different CAS mutants have revealed that both the SH3 and CCH
domains are crucial for CAS localization to focal adhesions. It has
been documented that the SH3 domain of CAS can bind two focal
adhesion components, FAK (Polte and Hanks, 1995) and vinculin
(Janostiak et al., 2014). Since FAK and vinculin localize to different
layers of the focal adhesions (Kanchanawong et al., 2010), interac-
tions of CAS with different binding partners could play a different
role. FAK/CAS could form a strictly signaling complex with Src to
mediate signals from integrins and regulate migration and sur-
vival. As described above, vinculin serves as a mechanocoupling
protein and in complex with talin transmits mechanical strain
between integrins and the actin cytoskeleton (Ezzell et al., 1997).
CAS could bind to vinculin in this complex and thus could be
involved in the early response to an external force. The function
of the CCH domain of CAS and the mechanical role in CAS tar-
geting to focal adhesions remains poorly understood. Since CAS
could also dimerize through the CCH domain it is possible that
FAK/CAS and vinculin/CAS complexes form one mechanosensing
and mechanotransduction complex. (Law et al., 1996). In this way,
SH3 domains of CAS homodimers could then associate with both
FAK and vinculin, thus cross-linking vinculin and FAK (Fig. 3).
The ability of CAS to activate signaling cascades upon mechani-
cal stimuli suggests that CAS serves as a hub for the interconnection
of the force transmission machinery with biochemical signaling. It
is not surprising then that CAS is involved in many mechanically
induced cellular responses such as the adaptation to cyclic stretch,
reinforcement of focal adhesions, and durotaxis. In response to
cyclic stretch, cells realign stress ﬁbers perpendicular to the direc-
tion of stretch (Lee et al., 2010). The reorientation of stress ﬁbers
is dependent on the Src-mediated phosphorylation of the CAS sub-
strate domain (Niediek et al., 2012). Mechanical strain also induces
the reinforcement of focal adhesions (Carisey et al., 2013). CAS,
as part of focal adhesion signaling, takes part in focal adhesion
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eorganization, probably again as a target of the kinases FAK and
rc (Ruest et al., 2001). A recent study showed that CAS can also
ssociate with vinculin. This CAS–vinculin interaction could sta-
ilize vinculin in the opened conformation and thus promote the
tabilization and enlargement of focal adhesions (Janostiak et al.,
014).
CAS could also play important role in the migratory response
owards a stiffer substrate termed durotaxis. It has been shown that
hosphorylation of the CAS substrate domain is crucial for stimu-
ating cell migration (Klemke et al., 1998; Kostic and Sheetz, 2006).
he rigidity response of the integrin pathway in cells converges
n the phosphorylation of the CAS substrate domain. It has been
emonstrated that Fyn kinase, which directly phosphorylates the
AS substrate domain, is more active on stiffer substrates and thus
acilitates an increase in the substrate domain phosphorylation in
esponse to substrate rigidity (Kostic and Sheetz, 2006). Further,
ntegrins were also found to be more activated on a stiffer sub-
trate than on a ﬂexible one. This would result in a higher activity
f downstream elements such as FAK (Puklin-Faucher and Sheetz,
009), and subsequently in phosphorylation of the CAS substrate
omain. Another contribution to the durotaxis phenomenon might
e an intracellular response to a stiffer substrate. It is known that
he activity of myosin II is indispensable for durotaxis (Raab et al.,
012). Myosin generates a pulling force on extracellular matrix
roteins, and adhesions endure a higher tension on substrates
ith higher rigidity. Increased tension unfolds the CAS substrate
omain, which is phosphorylated, recruits Crk protein, and this
omplex then stimulates Rac-dependent lamellipodia formation
Chodniewicz and Klemke, 2004). Myosin II activity thus results
n preferential protruding activity at the cell edge in contact with
he stiffer substrate. In addition, CAS is also important for the
eneration of traction forces, which enable cells to move forward
nce focal adhesions are assembled. Force generation is likely to
e dependent on phosphorylation of the CAS substrate domain,
ince disruption of CAS binding to vinculin impairs both CAS phos-
horylation and traction force generation (Janostiak et al., 2014).
owever, further experiments are needed to clarify the exact role
f CAS in durotaxis.
hysiological implications of mechanosensing and
echanotransduction
Mechanosensing and mechanotransduction have important
hysiological implications for both cellular behavior and physi-
logical and pathological processes at the organismal level. The
tiffness of the extracellular environment or extracellular tension
lays an important role in mediating cell behavior, and mech-
nochemical signaling regulates cytoskeleton architecture, cell
preading, migration, proliferation and survival. Since integrins
ediate the attachment of cells to the substratum, they play
n indispensable role in the transduction of external mechanical
timuli (Jones and Walker, 1999).
A stiff extracellular environment is essential for the efﬁcient
preading and focal adhesion formation, and cells spread poorly on
ompliant, ﬂexible surfaces (Pelham and Wang, 1998). Neverthe-
ess, substrate rigidity is not required for attachment, as the initial
ttachment of a cell to substrate is tension-independent. However,
atrix rigidity and the development of actomyosin contractility are
equired for subsequent spreading and focal adhesion formation
Zhang et al., 2008; Zimerman et al., 2004).
Extracellular rigidity and forces are required not only for the
evelopment of focal adhesions, but applying an external force
lso induces the reorganization and enlargement of pre-existing
ocal adhesions. The application of force increases the binding of
ntegrin receptors to the extracellular matrix as a result of so called Cell Biology 93 (2014) 445–454 451
“catch bond” formation (Kong et al., 2013). Increased extracellu-
lar tension unfolds talin, thus promoting its binding to vinculin
(del Rio et al., 2009). Vinculin mechanically couples integrins to
actin ﬁbers and transmits the physical stresses (Ezzell et al., 1997).
Vinculin recruitment is important for the force dependent stabi-
lization and enlargement of focal adhesions in the direction of the
applied force (Galbraith et al., 2002). It has been also shown that
mechanical stretch induces reorientation of stress ﬁbers perpen-
dicular to the direction of stretch. These effects are dependent on
the Src family kinases that induce CAS phosphorylation and also on
ROCK signaling (Lee et al., 2010; Niediek et al., 2012). Moreover,
the reorientation of focal adhesions upon stretching is dependent
on the angle between their main axis and direction of the stretch
(Carisey et al., 2013).
Matrix rigidity also controls durotaxis, the persistent cellular
migration toward a stiffer substrate (Pelham and Wang, 1998).
The proper response to different substrate rigidity during duro-
taxis requires the activation of signaling proteins such as FAK,
Src family kinases, and tyrosine phosphatase RPTP (Moore et al.,
2010), and is dependent on the activity of myosin II (Raab et al.,
2012). Although the exact mechanism of durotaxis remains poorly
understood, recent data suggest that force ﬂuctuations within focal
adhesions could be responsible for sensing the rigidity gradient
(Plotnikov et al., 2012). Sensing rigidity seems to involve two types
of focal adhesions, stable adhesions with constant traction span-
ning the entire area of adhesion, and so-called “tugging” adhesions
that modulate the traction across themselves. These tugging focal
adhesions could be responsible for sensing the differences in matrix
rigidity. Moreover, the fraction of stable and tugging focal adhe-
sions is dependent on ROCK-induced contractility and is regulated
by the FAK/phosphopaxilin/vinculin signaling pathway (Plotnikov
et al., 2012). The mechanism behind these tugging focal adhesions
represents a plausible and very elegant way for navigating cell
movement towards regions with higher substrate rigidity.
Transduction of the information about mechanical properties
of the extracellular environment plays an important role in can-
cer development as well as metastasis formation. An increase
in rigidity in tissues surrounding tumors is a hallmark of can-
cer development in soft tissues, and is successfully used for the
detection of many types of tumors by physical palpation. This
tumor-surrounding tissue stimulates integrin receptors on the sur-
face of tumor cells, thus inducing proliferation and generating
a malignant phenotype. Likewise, the mammographic density of
breast tissue has been correlated with increased cancer risk because
of increased stromal collagen content (Paszek et al., 2005; Samani
et al., 2007; Tang et al., 2010). The healthy mammary gland is typi-
cally very soft, with an elastic modulus of about 160 Pa. In contrast,
breast tumors are much stiffer, with an elastic modulus ranging
from 3000 to 5000 Pa (Paszek et al., 2005). It has been shown that
tumor-surrounding tissue is stiffer than the tumor cells themselves,
and this environment may  thus promote the proliferation of the
cancer cells. Indeed, the proliferation of many cancer cell types is
affected by extracellular matrix rigidity, and they can proliferate
2–5 times faster on stiffer versus softer substrates (Tilghman et al.,
2010).
As mentioned above, the extracellular environment and its
physical properties play important roles in cellular migration and
thus also in cancer cell invasion and metastasis formation. In addi-
tion to substrate compliance, invasion can also be stimulated by
mechanical forces produced by the cells which are also present
in the tumor niche such as ﬁbroblasts or myoﬁbroblasts (Menon
and Beningo, 2011). Interestingly, primary tumors such as breast
carcinomas that can metastasize to different locations are able to
produce various subpopulations of cells that differ in their response
to substrate stiffness. This suggests that cancer cells can form sec-
ondary tumors according to the stiffness of target organs (Kostic
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t al., 2009). Moreover, in several cancer cell lines a stiff substrate
timulates the activity of invadopodia. It has been shown in vivo
nd in vitro that the number of invadopodia and their activity
ncreases with increasing substrate stiffness and increased extra-
ellular matrix degradation. This has been stimulated by myosin II
nd the phosphorylated FAK/CAS complex (Alexander et al., 2008;
arekh et al., 2011; Parekh and Weaver, 2009).
The importance of mechanotransduction signaling in cancer
evelopment is further underscored by the ﬁndings that tumor cells
re able to take over the mechanosensory machinery and bypass
he anchorage-dependence that is crucial for non-cancerous cell
urvival. This subversion of mechanosensory pathways provides
ancer cells with survival signals in unfavorable conditions. Accord-
ngly, the alteration in expression of proteins such as integrins, FAK,
AS, paxillin (Deakin et al., 2012; Tikhmyanova et al., 2010; Zhao
nd Guan, 2009) or in the activity of 1 integrin (Indra and Beningo,
011) are very common in metastatic cancer cell lines.
Biomechanical signaling has recently been recognized as being
rucial for proper embryogenesis and development. Within devel-
ping and remodelling tissues, mechanical forces mediate guiding
nformation that instruct cellular processes, including stem cell
aintenance, wound healing, differentiation and growth. It has
een shown that stem cell lineage maintenance depends on sub-
trate topology in vivo, and that stem cell fate is controlled by a
peciﬁc microenvironment called the stem cell niche and intrinsic
actors (Fuchs et al., 2004; Moore and Lemischka, 2006). Various
tudies have shown that the ECM nanotopography and rigidity
lone can enhance the proliferation and/or induce the differenti-
tion of mesenchymal stem cells. For instance, soft matrices that
imic  the brain are neurogenic, stiffer matrices resembling mus-
le are myogenic, and the most rigid substrates that mimic  the bone
icroenvironment induce the osteogenic phenotype (Engler et al.,
006). These speciﬁcation events are clearly dependent on mechan-
transduction, and the inhibition of myosin II or down regulation
f vinculin impairs rigidity-induced differentiation (Engler et al.,
006; Holle et al., 2013).
Neural crest stem cells (NCSCs) play a critical role during
evelopment and tissue regeneration. Li and co-workers provided
vidence that mechanical strain is important in NCSC proliferation
nd differentiation, and that “NCSCs respond to anisotropic strain in
 manner dependent on the strain direction” (Li et al., 2012). Other
tudies have demonstrated that substrate rigidity has greater inﬂu-
nce on the proliferation of neural stem cells than differentiation
Shi et al., 2009).
The differentiation of embryonic stem cells (ESCs) has also
een shown to be affected by the stiffness of the substrate.
vans and co-workers demonstrated that osteogenic differenti-
tion of ESCs is enhanced on stiff substrates compared to soft
ubstrates (Evans et al., 2009). Moreover, Musah and co-workers
howed that human embryonic stem cells maintain proliferation
nd pluripotency by binding to stiff substrates (10 kPa hydro-
el) via glycosaminoglycans. Additionally, stiff matrices induce
ctivation of the transcriptional coactivators YAP/TAZ implicated
n mechanosensing and pluripotency, indicating a connection
etween the mechanical properties of the substrate and pluripo-
ency (Musah et al., 2012).
In summary, the physical microenvironment plays a major role
n all aspects of normal life, including development and tissue
omeostasis, as well as the development of many diseases. Changes
n physical characteristics of the extracellular environment and
he subversion of mechanonsensory signaling pathways are at the
eart of the development and dissemination of cancer. Elucidat-
ng the composition, signal transduction pathways and the role
f tension sensing complexes will provide further insight into cell
ehaviors under normal and pathological conditions, giving further
lues for therapeutical strategies. Cell Biology 93 (2014) 445–454
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